Although the microstructure, hot crack susceptibility and porosity of aluminum alloy laser welds are affected by many welding parameters, the effects of the shielding gas flow rate and the power waveform are particularly significant. In this study, a high-power Nd:YAG laser is used to weld A5754-O aluminum alloy sheets of 1 mm in thickness. Initially, bead-on-plate (BOP) welding is performed using a rectangular waveform with a constant mean output power and three different levels of ÁP (ÁP ¼ P p À P b , where P p is the peak power and P b is the base power). Butt welding is then performed using the appropriate BOP welding speed, which is lower than the welding speed for just full penetration, and one of two levels of ÁF (ÁF ¼ F f À F b , where F f is the face shielding gas flow rate and F b is the back shielding gas flow rate). The BOP welding results show that reducing the value of ÁP increases the welding speed required for full-penetration, and therefore increases the penetration depth to bead width ratio and the micro-hardness of the weld bead. The butt welding results show that the tensile strength and total elongation properties of the high ÁF (ÁF H ) specimens are approximately three times higher than those of the low ÁF (ÁF L ) specimens. This is primarily due to the absence of hot cracking in the ÁF H specimens, together with a finer microstructure and a lower level of porosity. This study demonstrates that the effect of ÁF on the weld bead geometry, microstructure, hot crack susceptibility and mechanical properties is far higher than that of ÁP. However, the effect of ÁP on the change of welding speed is higher than that of ÁF.
Introduction
With the gradual depletion of the Earth's natural resources, the requirement to conserve energy is an significantly important issue. The use of welded tailored blanks and/or hydraulic forming in vehicle manufacturing processes, and the choice of lightweight, high strength-to-weight ratio materials for vehicle components, are effective means of conserving energy. Aluminum alloys have many favorable mechanical properties, e.g. a high strength-to-weight ratio and excellent formability, and a light weight as well as a high corrosion resistance. Furthermore, aluminum alloy components are easily recycled. Accordingly, aluminum alloys are used extensively in the fabrication of vehicle components. [1] [2] [3] [4] [5] [6] [7] Traditionally, the welding of vehicle components or structures was generally performed using gas metal arc welding (GMAW), gas tungsten arc welding (GTAW), and/ or resistance welding. Compared with GMAW and GTAW, laser welding has the advantage of a substantially higher welding speed, even under heavily reduced thermal loads. Moreover, in contrast to the resistance spot welding of aluminum sheets, in which the stable surface oxide layer leads to process instabilities and produces rapid electrode wear, [7] [8] [9] [10] the laser beam interaction is free of contact with the workpiece, and hence offers a higher production reliability and significant quality improvements. Furthermore, laser welding has a low heat input and is highly versatile.
Although previous studies have reported that laser welding has many advantages and can be successfully applied to the welding of steel materials, the fundamental problem remains that the reliability of aluminum alloys welds is lower than that of steel welds due to their higher reflectivity, higher thermal conductivity, and lower viscosity. [11] [12] [13] Hot cracking and porosity are major problems in the laser welding of aluminum alloys, and obtaining a 100% joint efficiency is difficult. It has been reported that many welding parameters, e.g. the welding speed, the laser power, the type of the shielding gas, the focal point position, the gap size, and the gas flow rate etc, influence the formation of porosity and hot cracks. [14] [15] [16] The actual mechanisms of hot cracking and porosity formation during the laser welding of aluminum alloys have been studied. 13, [17] [18] [19] [20] [21] [22] [23] Accordingly, the present study investigates the influence of the shielding gas flow rate and the power waveform on the hot crack susceptibility, porosity formation, microstructure, and mechanical properties of the A5754-O aluminum alloy welds commonly used in the fabrication of automotive body panels. [24] [25] [26] 
Experimental Procedure
The specimens of commercial aluminum A5754-O (AlMagnesium system) alloy used in the present investigation were supplied by ALCOA Technical Center, USA, in the form of rolled sheets of 1 mm in thickness with the chemical composition shown in Table 1 . Prior to welding, the sheet surfaces were polished using 600-grit SiC paper to remove the oxide film. The sheets were then degreased with acetone.
Welding was performed using a Rofin-Sinar CW025, 2.5 kW Nd:YAG laser system. The laser beam was delivered to the workstation via an optical fiber of 600 mm in diameter. The laser beam was focused just on the surface of the specimen with a spot size of 600 mm using a lens with a focal length of 120 mm. A rectangular laser pulse waveform and a 1.5 kW constant mean output power were specified. Over the course of the welding trials, the laser output was progressively changed from a pulsed wave (PW) mode to a continuous wave (CW) mode by reducing the level of ÁP (ÁP ¼ P p À P b , where P p is the peak power and P b is the base power) to zero. As shown in Fig. 1 , three specific power modes were considered, namely PW1 (ÁP ¼ 1000 W), PW2 (ÁP ¼ 400 W), and CW (ÁP ¼ 0 W). The frequency and duty of the modulated rectangular pulse wave were maintained at 100 Hz and 50%, respectively. Previously, bead-onplate (BOP) welding was performed. The appropriate BOP welding speed was then selected as the welding speed for a series of butt welding trials. Figure 2 presents the experimental arrangement of laser welding. As shown in Fig. 2 , the laser beam is oriented at a forward angle of 10 degrees to perpendicular line to prevent back reflection damage to the optics. A high-speed video camera system with a frame acquisition rate of 1000 frames per second was utilized to observe the laser plasma behaviour under different welding conditions. Argon was used for both the face shielding gas and the back shielding gas. During BOP welding, the aluminum sheets were placed horizontally on an aluminum backing plate with a rectangular groove of 5 mm width and 2 mm depth under the weld region which can be filled with shielding gas. The flow rates of the face and back shielding gases were specified as 20 L/min and 15 L/min, respectively. In the butt welding trials, two different sets of flow rate conditions were imposed: (1) face shielding gas flow rate:
20 L/min and back shielding gas flow rate: 15 L/min; and (2) face shielding gas flow rate: 25 L/min and back shielding gas flow rate: 5 L/min. Defining the differential flow rate ÁF as
where F f is the face shielding gas flow rate and F b is the back shielding gas flow rate, butt welding was performed at either a low ÁF level (ÁF L ) of 5 L/min or at a high ÁF level (ÁF H ) of 20 L/min. Tensile test was carried out in accordance with ASTM-B557M, which specifies flat uniaxial specimens with crosssectional areas of 1 Â 12:5 mm and gauge lengths of 50 mm. The tensile tests were performed at room temperature using an universal tensile test machine (type MTS 810) operating with a crosshead speed of 0.05 mm/s. The average hardness of the fusion zone was measured using a Vickers automatic hardness tester with a load of 100 g. The porosity percentage in the fusion zone was estimated from the porosity formation ratio P r , defined as the total porous area divided by the total weld metal area. The compositions of the various welds were analyzed by Electron Probe Micro Analysis (EPMA) and the composition of the fracture surfaces was analyzed using a Wavelength Dispersive X-ray Spectrometer (WDS). The microstructures were examined under a Scanning Electron Microscope (SEM). Figures 3 and 4 show the cross-sectional profiles of the BOP weld beads and the penetration depth to bead width ratio (D/W) curves of the BOP welds, respectively, as a function of ÁP and the welding speed. In this study, the welding speed at which full penetration is just achieved is defined as the critical welding speed (V C ). In Fig. 4 , each curve is fitted to five individual D/W data. In each case, the median data point corresponds to V C . As the value of ÁP decreases, the power mode changes from PW1 to CW and Fig. 4 shows that the V C increases from 1900 to 3900 mm/min. Figure 4 also shows that the D/W ratio tends to increase with decreasing ÁP decrease, i.e. from 0.7 for ÁP ¼ 1000 W (PW1) to 0.9 for ÁP ¼ 0 W (CW). In each case, the maximum D/W ratio is obtained at the V C . The effect of the power mode on the penetration depth can be clarified by observing the plasma clouds generated during the welding process, as shown in Fig. 5 . Note that in this figure, the plasma cloud was recorded for each of the power modes during BOP welding performed with a welding speed of V C and the images were acquired at a rate of 10 frames per cycle (10 ms). Under the PW mode, in pulse time t p (i.e. the high power density stage), the plasma cloud is well defined. However, in base time t b (i.e. the low power density stage), the plasma cloud is not generated at all under the PW1 mode, and has only a very small volume under the PW2 mode. However, under the CW mode, the plasma cloud is visible throughout the entire power cycle. A part of the plasma cloud is ejected from the keyhole as a result of the ionization of the metal vapour by the laser beam. A high metal vapor pressure is required to maintain the keyhole, and the presence of plasma is thought to be one of the characteristics of keyhole mode welding. Therefore, when the keyhole is formed, more laser beam energy is absorbed due to multiple reflections within the keyhole. Consequently, the penetration depth increases, e.g. during the t p stage of the PW mode and over the entire cycle of the CW mode. If the plasma cloud is not generated, this implies that the power density is insufficiently high to cause the metal vapour to form a keyhole. Therefore, welding tends to take place in a conduction mode with an obviously reduced depth, e.g. in the t b stage of the PW mode. Therefore, the laser energy is absorbed by the specimen primarily during the t p stage. In materials with a low thermal conductivity (e.g. stainless steel or Inconel alloy), if the laser frequency is not too low, i.e. the t b stage is not too long, the energy absorbed during the t p stage has insufficient time to diffusion via thermal conduction before the PW beam energy is re-irradiated into the specimen during the next t p stage. This results in an increased retention of the absorbed laser energy within the weld region. Hence, the penetration depth in the PW mode is greater than that in the CW mode. [27] [28] [29] As ÁP is increased, i.e. P p increases and P b decreases, the energy absorption becomes more remarkable. However, in the case of aluminum alloy, the penetration depth decreases significantly with increasing ÁP, and hence the penetration depth achieved using the CW mode is greater than that obtained in the PW mode.
Results and Discussions

Bead-on-plate welding
The higher penetration ability of the CW mode in the laser welding of aluminum alloys can be attributed chiefly to the fact that the thermal conductivity of aluminum alloys is approximately one order of magnitude higher than that of steels. In other words, heat transfer via conductive mechanisms is more efficient in aluminum alloys. Therefore, when laser welding is performed in the PW mode, the thermal energy absorbed during the t p stage is dispersed easily by conduction during the t b stage. The alternating t p and t b stages in the PW mode cause a greater energy dispersion from the weld zone into the base metals. The greater penetration achieved under the CW mode can also be related to the keyhole welding mode, which is maintained over the complete power cycle. Although the power density in the CW mode is lower than that during the t p stage of the PW mode, and therefore the laser beam energy absorption is also lower, the CW mode still provides a better penetration depth than the PW mode since in the latter mode, keyhole welding is maintained only during the t p stage. In summary, the experimental results obtained in this study indicate that the CW mode achieves full penetration at a higher welding speed than the PW mode under the same mean power (Fig. 3) . In other words, the penetration depth in the CW mode is greater than that in the PW mode. Specifically, the lower the value of ÁP, the greater the penetration depth. Figure 6 shows the average Vickers hardness of the base metal and butt welds for the three power modes considered in this study. The results indicate that the average hardness of the weld metal is higher than that of the base metal. Similar results were also found by Venkat et al., 30) Shakeri et al. 31) and Ramasamy et al. 32) in the Nd:YAG laser welding of A5754 aluminum alloy. However, the increased hardness was either not explained 30) or was suggested to be the result of a smaller grain size owing to the rapid cooling rate, 32) or was attributed to the more refined submicro particles (grain growth inhibitors) caused by the high resolidification rate associated with laser welding. 31) In the current study, the butt welds have a finer microstructure than the base metals, as shown in Fig. 7 . The micro-fractographs of the tensile-tested specimens (Fig. 16 ) presented in Section 3.2.4 also reveal that the weld metals have a finer microstructure than the base metal. Hence, the higher hardness of the weld bead appears to be a result of the microstructure refining effect prompted by the higher cooling rate of laser welding.
3.2 Butt welding 3.2.1 Effects of ÁF and ÁP on welding speed and weld bead geometry In the laser welding of ferritic steel, the welding speed which results in the highest D/W ratio of the BOP weld bead (usually V C , or slightly higher) generally represented the appropriate welding speed for butt welding. However, the weldability of some aluminum alloys is not as good as that of steel materials. In the current butt laser welding of aluminum alloys, the joint section demonstrates full penetration at a welding speed slightly lower than the value of V C identified during BOP welding. However, it is found that the interface of the weld root between the two specimens is not fully joined. In order to achieve a complete welded joint of the interface between the two plates from the weld cap to the weld root, the welding speed used for butt welding should be approximately 30-50% lower than the value of V C identified for BOP welding, as shown in Fig. 8 . Although the welding region of the joint position is enlarged and this causes a reduction of the D/W ratio of the weld bead, a sound welded joint can be obtained, as shown in Fig. 9 . This behavior is very different from that observed in the laser welding of Inconel and stainless steel 27, 28) and is thought to arise as a result of a number of different factors, including the poorer weldability of A5754 aluminum alloy compared to steel materials, and a higher thermal conductivity of aluminum alloy than that of steel. Figure 9 shows that the weld bead geometry depends on the value of ÁF. The weld beads of the ÁF L specimens are concave in shape, while those of the ÁF H specimens are convex. Given the similar surface tension and gravity effects of the molten metal for the two specimen types, it is apparent that the flow rate or gas pressure of the shielding gas is the key factor in determining the weld bead geometry. Since the gas pressure acting on the weld pool is proportional to the gas flow rate, when the flow rates of the face and back shielding gases are varied, the gas pressures acting on the top and root surfaces of the weld pool also change. In other words, the weld pool geometry is determined by both gas pressures. Therefore, when the resultant gas pressure acting in the downward direction on the molten metal is small, and the gas pressure exerted on the root surface of the weld pool by the back shielding gas is high enough to sustain the mass of the weld pool, the weld maintains a convex shape as it solidifies, as revealed by the ÁF L specimens (F f : 20 L/min, F b : 15 L/ min) shown in Fig. 10(a) . Conversely, if the resultant gas pressure in the downward direction is sufficiently large so that the sustaining gas pressure of root surface can not support the mass of the weld pool, the weld solidifies with a concave shape, as revealed by the ÁF H specimens (F f : 25 L/ min, F b : 5 L/min) shown in Fig. 10(b) .
Effects of ÁF and ÁP on evaporative loss of magnesium
The EPMA analysis results shown in Fig. 11 reveal that the amount of magnesium in the weld metal increases with decreasing ÁP. This is explained by the reduction in the laser beam-substrate interaction time with reducing ÁP (i.e. increasing welding speed), which in turn reduces the magnesium loss. Table 2 indicates the average magnesium content in the porosity surfaces and its loss in welds of ÁF H and ÁF L welds. For both series specimens, the WDS analysis shows that a higher magnesium content exists in the porosity surface than in the FZ. This result demonstrates that the evaporated magnesium element is trapped and diffuses into the porosity surface during the solidification process. When the ÁP level is increased, the required welding speed is reduced. Hence, the magnesium has a longer time to diffuse, and therefore the concentration of magnesium in the porosity surface is correspondingly higher. Figure 11 also shows that the value of ÁF has no obvious effect on the amount of magnesium in the weld metal because the welding speeds in the ÁF H and ÁF L specimens are approach. Previous studies 11, 32, 33) showed that magnesium loss reduces the hardening quality of the solid solution, with the result that both the tensile strength and the ductility decrease. 3.2.3 Effects of weld bead geometry, welding speed and magnesium content on hot cracking Figure 9 shows the presence of hot cracking in the roots of the ÁF L welds. However, the ÁF H welds show no signs of hot cracking. Hot cracking in aluminum welds is affected by many factors, including the stress/strain rate, the welding speed, the chemical composition of the alloys, the shape of the weld bead, and so on. 17, 18, 34) Regarding the weld bead shape, when the concave root weld surfaces in the ÁF L specimens cool and shrink, the root surfaces are subjected to tensile stresses, and hence have a greater tendency to crack than the convex root weld surfaces of the ÁF H specimens, which are subjected to compression stress. The stress of the weld bead caused by cooling and shrinkage during the solidification process is shown in Fig. 12 . Although the top surface of the ÁF H welds and the root surface of the ÁF L welds are affected by tension stress, promoting the likelihood of hot cracking, the curvature of the top surface in the ÁF H welds is much higher than that of the root surface in the ÁF L welds, and hence hot cracking does not occur since the tension stress is reduced. Furthermore, hot cracking is suppressed at a higher ÁP mode with the same mean power as that used for the ÁF L welds (Fig. 9 ). This observation is most likely attributed to the reduced cooling rate associated with the lower welding speed employed for welding using the higher ÁP mode (PW1).
Regarding the influence of the chemical composition of aluminum alloy on the hot cracking propensity of the weld, Kutsuna and Dudas et al. 17, 18) reported that when the Mg content in Al-Mg series alloys exceeds approximately 1.3 mass%, hot cracking becomes more likely as the Mg content decreases. In this study, the Mg content in the weld metals ranges from 2.3-2.55 mass%, as shown in Table 2 . When ÁP decreases, the loss of Mg from the weld metals also decreases during the welding process, i.e. the remaining Mg content in the weld metals increases and hence hot cracking tends to be suppressed. However, the current ÁF L welds are susceptible to hot cracking. The maximum difference in the Mg content of the current weld metals is approximately 0.25 mass%, and therefore the effect of the Mg content on the hot cracking of the current welds is limited.
Furthermore, the welding speed increases with decreasing ÁP, the highest is about 100% (from PW1 to CW mode). Consequently, the cooling rate also increases, with the result that hot cracking becomes more likely. It seems that the welding speed has a greater effect on the hot cracking than the Mg content. Specifically, hot cracking becomes more pronounced as ÁP decreases. In general, the present experimental results show that in order of diminishing influence, the factors which affect the onset of cracking are the shape of the weld bead (which depends on the shielding gas pressure acting on the weld pool), the welding speed, and the Mg content.
Cieslak and Fuerschbach 11) reported that the probability of hot cracking in aluminum alloys under PW laser welding is higher than that under CW laser welding. However, they also stated that hot cracking can be prevented, even under PW laser welding, by carrying out welding with appropriate laser operating conditions. The current results suggest that cracking can be prevented by performing the welding process using a high differential flow rate (ÁF). Under this condition, the weld bead has a concave form, and this suppresses the formation of large strains during solidification. 3.2.4 Effects of ÁF and ÁP on tensile properties and porosity In this study, the tensile test specimens all ruptured in the fusion zone. Figure 13 shows the tensile strength and percentage elongation of the various butt welding specimens. The tensile strength and percentage elongation properties of the ÁF L specimens are found to be just 30 and 10%, respectively, of the corresponding base metal values. Although the notch like root of the convex shaped ÁF L weld beads reduces the strength and elongation of the weld as a result of stress concentration, the main reason for the reduced mechanical properties of these welds is the appearance of hot cracking at the weld root. For the ÁF H specimens, the tensile strength and percentage elongation properties increase from 80 and 20% of the base metal values, respectively, to 90 and 30% of the base metal values as ÁP decreases. The tensile strength and percentage elongation properties of the ÁF H specimens are approximately three times those of the ÁF L specimens. Figures 14 and 15 show macro-fractographs and the porosity ratios (P r ) of the various specimens after tensile testing. Figure 12 shows that P r decreases by an absolute value of 7% as the power mode is changed from PW1 to CW. Furthermore, the value of P r for the ÁF H specimens is approximately 2-6% (absolute) less than that of the ÁF L specimens for an identical ÁP. In other words, the higher the value of ÁF, the smaller the value of P r . Previous studies 13, [19] [20] [21] [22] [23] 35, 36) have reported that the main reason for porosity formation in the laser welding of aluminum alloys is the entrapment of gas bubbles, including vaporized alloying elements, shielding gas and environmental air, caused by the instability and collapse of the keyhole during welding. Therefore, if a higher vaporized ratio of low boiling point elements occurs during the welding process, more metal vapour will be trapped in the weld pool, and the formation of bubbles will be increased, resulting in a greater porosity. The average content of the highly volatile Mg element retained in the weld may provide an indication of the extent of evaporative loss (see Table 2 ). When ÁP decreases, the welding speed increases, and hence the irradiation time of the laser beam on the specimens reduces. Therefore, the evaporation ratio of the low boiling point magnesium decreases and the porosity of the weld are reduced.
Kutsuna et al. 19, 20) and Masumoto et al. 21 ) used a gaschromatographic method to examine the composition of the gas within the porosity of Al-5000 series aluminum alloy weld metals formed using a CO 2 laser. Their results showed that hydrogen was the main gas within the porosity. This was thought to be the result of hydrogen being dissolved during the welding process. The higher the concentration of hydrogen dissolved into the weld metal during the earlier stages of the weld solidification stage, the more easily the formation of porosity by supersaturation occurs. However, in the studies by Matsunawa et al., 22) Simidzu et al. 23) and Pastor et al. 13) of Al-5000 aluminum alloys welded using an Nd:YAG laser, the porosity gas analysis showed that the hydrogen content in the weld metal was almost the same as that in the base metal. Therefore, the authors asserted that hydrogen did not play a significant role in the formation of porosity, and claimed that the vaporization of magnesium played a more dominant role. The difference in findings for the porosity formation presented above suggest that the generation mechanism of porosity depends on whether welding is performed using an Nd:YAG laser or a CO 2 laser. Moreover, Kutsuna et al. 19, 20) found that magnesium contributed to the formation of porosity as metal vapour and as segregation with hydrogen, and reported that the level of magnesium content strongly influenced the tendency of porosity formation caused by hydrogen. Kim 37) reported that the vaporized pressure in the keyhole in butt welding is lower than that in BOP welding due to the conduit of high-pressure vapor through the clearance between the two plates, and therefore the formation of porosity is reduced. As the passage of high-pressure vapor through the clearance between the two plates increases, the porosity decreases. For the two differential ÁF shielding conditions used for butt welding in this study, the value of F f is similar. However, the F b value of the ÁF H specimens is much lower than that of the ÁF L specimens. Therefore, the resultant flow rate acting in the downward direction is larger. This increases the passage of metal vapour through the bottom of the clearance between the two plates, and hence the porosity ratio P r of the ÁF H welds is reduced.
As shown in the micro-fractographs of the tensile-tested butt welding specimens presented in Fig. 16 , under an identical laser power, when ÁP decreases, the welding speed (i.e. the cooling rate) increases, and the microstructure of the weld metals becomes finer. Therefore, the tensile strength of the weld is increased in the ÁF H specimens. The results of this study indicate that the factors contributing towards an enhanced tensile strength include a reduced magnesium loss, a reduced P r ratio, and a finer microstructure of the weld. Furthermore, a finer solidification structure of the weld metal also improves the hot crack susceptibility of aluminum alloys. 35) Although Fig. 13 shows that the microstructure of the ÁF L specimens also becomes finer as ÁP decreases, the microstructure is coarser than that of the ÁF H specimens. It is possible that the difference in the grain size of the two microstructures is caused by the higher cooling rate of the ÁF H welds due to the higher face shielding gas flow rate. However, this issue requires further investigation in a future study.
Conclusion
(1) In BOP welding, the welding speed required for full penetration increases with reducing ÁP under a constant mean output power, e.g. the welding speed of 1900 mm/min for PW1 (ÁP ¼ 1000 W) increases to 3900 mm/min for CW (ÁP ¼ 0). The D/W ratio and the average hardness of the weld also increase as ÁP decreases. (2) In butt welding, the weld geometry is determined by the value of ÁF, and is independent of ÁP. The sustaining pressure of the back shielding gas flow on the weld pool in the ÁF L specimens is so high that the weld shape becomes convex, and hot cracking occurs in the weld root during solidification as a result of tensile stress. The lower the value of ÁP, the higher the welding speed, and the greater the susceptibility for hot cracking. The ÁF H weld beads have a concave shape and hot cracking is not evident. (3) The tensile strength and percentage elongation of the ÁF H specimens increase with reducing ÁP. The tensile strength and percentage elongation of the CW specimens are 90 and 30% of the equivalent base metal values, respectively. However, hot cracking in the ÁF L specimens reduces the mechanical properties of the welds, and hence the tensile strength and percentage elongation properties reduce to just one third those of the ÁF H specimens. (4) The face shielding gas flow rates of the ÁF L and ÁF H specimens differ by just 5 L/min. However, the flow rate of the back shielding gas used for the ÁF H specimens is far lower than that used for the ÁF L specimens. Therefore, the quantity of metal vapour ejected through the clearance between the two plates is increased, with the result that the porosity of the ÁF H specimens is reduced. In both specimen types, the porosity of the weld reduces with decreasing ÁP. (5) In general, decreasing ÁP or increasing ÁF reduces the porosity of the weld and produces a finer microstructure with the result that the tensile strength of the weld increases. The reduced magnesium evaporation associated with decreasing ÁP also improves the tensile strength. The mechanical properties of the ÁF L specimens are dominated by hot cracking and are relatively insensitive to the weld porosity and the microstructure refinement caused by the reduction of ÁP. 
